The germ line is the one component of the organism that may aspire to immortality and its development and transmission represent the most important tasks undertaken by a multicellular organism. The first identifiable germ line cells are the primordial germ cells (PGCs) which arise early in embryogenesis and maintain the same potential for totipotency as the embryonic stem (ES) cells of the early embryo.
PGCs are first identifiable at the epiblast stage of embryo development and can be identified as a discrete cell population positive for alkaline phosphatase, and expressing oct-4, c-kit and MesP-1 (throughout this article italics are used to denote genes (presence of mRNA) and plain text protein). These cells migrate into the extra-embryonic mesoderm until they are reintroduced into the fetus. At this point, the PGCs begin to divide and develop an invasive phenotype that allows them to migrate through the developing embryo and into the genital ridge, the site of the developing gonad. It is only at this stage, when PGCs within a male embryo enter mitotic arrest, that they begin to lose their potential for totipotency. So, while the developing PGCs avoid the differentiation signals that direct the formation of the soma, they must respond to a series of signals that guides their development and migration until they reach the genital ridge (Fig. 1) . After colonization of the genital ridge, the invasive phenotype is lost and the further differentiation of the PGCs is determined by signals from the surrounding soma. In the male gonad, an SRY-dependent signal from the soma directs the formation of testes. SRY is the master regulator of mammalian sexual differentiation: even in the absence of a Y chromosome, its presence directs the differentiation of the early bipotential gonad into testes (Koopman et al., 1991) . This environment then directs the final step of PGC differentiation in the male fetus: the formation of spermatogenic stem cells (SSC). Thus, an understanding of the signalling events required for the proper formation of the spermatogenic stem cell involves investigation and understanding of a number of distinct microenvironments within the developing fetus.
Immortality, totipotency and differentiation
One problem that arises in discussing the nature of the germ line is nomenclature and the use of the terms 'immortal' and 'totipotent'. Although the germ line is frequently referred to as 'immortal', this is only valid at the level of the entire population and, more specifically, only the genome residing within the cells that compose the germ line may be viewed as immortal. A second and more apposite issue arises in relation to the totipotency of the germ line, that is, its ability to generate all the tissues of an organism, including itself. The early germ line may be referred to as totipotent in two distinct senses. The first of these senses involves the normal fertilization process involving the fusion of male and female gametes. Thus, any cell within the male or female PGC population has a potential for totipotency, if a gamete derived from it is involved in the fertilization event. This description and concept of totipotency is distinct from that used when referring to the totipotency of cells in the early embryo, the embryonic stem (ES) In male mammals, spermatogenesis proceeds for the reproductive lifetime of the animal. The continuation of this process depends upon a pool of spermatogenic stem cells within the testes that undergo asymmetric division to both maintain the stem cell population and give rise to progenitors that will proceed through spermatogenesis to generate mature spermatozoa. Thus, the development of functional spermatozoa may be divided into two distinct stages. The second, the process of spermatogenesis, is dependent upon the first, the successful formation of spermatogenic stem cells. Although spermatogenesis is characterized by marked cellular differentiation, the initial stages of germ line differentiation involve an avoidance of the differentiation signals acting during embryo development. The germ line is set aside early in embryo development and, while the primordial germ cells remain refractory to the differentiation signals affecting the soma, they undergo a number of phenotypic shifts before and after colonizing the genital ridge. Upon colonization of the genital ridge, the somatic tissue of the male genital ridge directs the final differentiation events that result in the formation of spermatogenic stem cells. It is this cell population that provides the basis for the maintenance of spermatogenesis in the adult.
lines to distinguish them from ES cell lines that are derived from disaggregated blastocysts. The normal totipotent cycle of the germ line and the points at which this compartment may be accessed for manipulation in vitro is outlined (Fig. 2) . Throughout this review, the word totipotency will only be used to refer to cells (or cell populations) that may differentiate into any cell population without passing through a gamete stage. The totipotency of the germ line in the normal lifecycle of the organism is implicit in any reference to the male or female germ line. Embryonic germ cells have been derived from PGCs isolated from mouse embryos from up to day 10.5 of gestation; a time at which all other cell lineages within the embryo have undergone a series of lineage commitment and differentiation events. It has not been possible to isolate totipotent cell lines after this time point, although pluripotent mouse EG lines have been established from male embryos at day 12.5 after mating, indicating that PGC differentiation to SSCs is initiated around this time and that these events result in a loss of the totipotent phenotype (Labosky et al., 1994; Stewart et al., 1994) . The isolation of human EG cell lines from human fetal testis indicates that this transition from PGC to SSCs, and the corresponding phenotypic shifts from a totipotent potential, through a pluripotent stage, to the production of committed SSCs, which are unable to generate other cell lineages, may be a general feature of mammalian germ line differentiation (Shamblott et al., 1998 The retention of the totipotent phenotype is likely to be linked to the requirement for the developing germ line to undergo imprinting (for review, see Surani ,1998) . The differentiation of the germ line down either the male or female pathway is triggered only after the PGCs enter the genital ridge. It is in this environment that PGCs commit to either the male or female pathway in response to differentiation signals from the surrounding soma. Thus, PGCs must undergo genome-wide demethylation to erase the inherited imprinting pattern and hence the ability to establish either maternal-or paternal-specific imprinting. It is likely that retention of a totipotent phenotype is related to the epigenetic reprogramming that the germ line must undergo. Therefore, the requirement to erase and re-establish imprinting represents an attribute of PGCs that makes them unique when compared with any other stem cell population within the fetus or adult. Thus, totipotency of this cell population may reflect the erasure of methylation patterns to ensure that their genome remains a blank sheet upon which sexspecific imprinting patterns may be written at a later developmental stage. Analysis of the imprinting pattern in EG lines indicates that EG lines isolated at different stages of PGC development show variation and that, unlike ES cells, EG cell lines do not always maintain a stable imprinting pattern (Labosky et al., 1994) . This observation leads to the final conceptual challenge presented by germ cells: how do PGCs manage to undergo switches in phenotype and yet retain a potential for totipotency? PGCs undergo a series of phenotypic switches from their moment of origin and could be viewed as undergoing a controlled differentiation program, although they retain a potential for totipotency throughout (Fig. 1) . PGCs first develop a migratory phenotype that allows them to enter the base of the allantois. They then lose or have this phenotype suppressed while in this environment and, after being reintroduced into the fetus via the invaginating gut, they must regain this invasive phenotype to complete their migration to the genital ridge (Gomperts et al., 1994; GarciaCastro et al., 1997) . During this migratory phase and for a period after colonization of the genital ridge, PGCs undergo rapid proliferation before entering either meiotic arrest in the female or mitotic arrest in the male fetal gonad.
Origin of the germ line
The molecular events that trigger the separation of the germ line from the soma in the early embryo are still largely undefined. In mice, PGCs are first observed on day 7 after mating. The recruitment of epiblast cells into the germ line is dependent upon Bmp4 expression in the extraembryonic ectoderm (Lawson et al., 1999) . Bmp4 regulates the formation of the allantois, the recruitment of cells into the PGC population and the initial number of PGCs. This PGC population may be first identified as a result of the restriction of alkaline phosphatase activity, oct-4 expression, MesP1 expression and the initiation of c-kit expression (Chiquoine, 1954; Ginsburg et al., 1990; Manova and Bachvarova, 1991; Saga et al., 1996; Yeom et al., 1996) . oct-4 has been proposed as a marker of totipotency given its expression within the totipotent cells of the early embryo (and ES cell lines derived from them) and the PGC lineage, which has the potential for totipotency (for review, see Pesce et al., 1998) . The restriction of oct-4 expression to the PGC lineage involves a switch in cis regulatory sequences, with PGCs maintaining the activity of the distal cis regulatory elements and epiblast expression switching to proximal elements (Yeom et al., 1996) . Analysis of the regulatory sequences involved in this switch and the control of other early germ cell markers (alkaline phosphatase and MesP-1) may provide the first indications of the nature of the signalling pathways responsible for the recruitment of epiblast cells into the germ line. The expression of various germ line transcripts during PGC development is outlined (Fig. 1) .
Entry to the germ line appears to be a position-dependent decision, and the committed progenitors then migrate into the allantois, while the somatic tissue of the embryo undergoes lineage commitment events and loss of totipotency (Tam and Zhou, 1996) . The retention of the germ line within the extraembryonic tissue is thought to represent one mechanism by which the germ line evades the differentiation signals to which the embryo is exposed and the selection of this site may reflect its relatively undifferentiated state (Dixon, 1994; Downs and Harmann, 1997) . In mice, PGCs reside within this location for about a day as a small population of about 50 cells before being reintroduced into the embryo by the invaginating hindgut, which places them within the embryo but at a site outside the developing gonad. By day 9.5, the PGCs are detected within the epithelium of the developing hindgut. At this stage, the PGC population begins to divide rapidly such that, by day 11.5 after mating, the population has increased to approximately 25 000 cells (Tam and Snow, 1981) .
Migration
Studies of murine PGCs in vitro and in vivo at different points during the migratory phase, and its termination at the genital ridge, indicate that a number of phenotypic switches are undergone as the cells migrate to and then reach their final destination (Donovan et al., 1986; Gomperts et al., 1994) . During this phase, and up to day 12.5 after mating, PGCs undergo rapid division. In the mammalian system, only regulators of survival and proliferation have been identified to date, although the extracellular protein laminin is implicated in the process of PGC migration through the embryo to the genital ridge (Garcia-Castro et al., 1997) .
Two genes encoding germ line regulators of migration to the genital ridge and PGC proliferation have been identified to date, c-kit and tiar. A third locus, steel, which encodes stem cell factor (SCF), the ligand for the c-Kit receptor, is also required for successful colonization of the genital ridge by PGCs. steel transcripts can be detected along the migratory route of PGCs (Matsui et al., 1990) . Expression of c-kit is detectable in mouse PGCs on day 7.5 after mating, while the PGCs are still located in the allantois (Manova and Bachvarova, 1991) . Mutation of either c-kit or steel results in a failure of normal PGC migration and proliferation when these cells are reintroduced into the embryo (for review, see Loveland and Schlatt, 1997). The requirement for specific interactions between PGCs and the extracellular matrix is shown by the analysis of integrin β1 -/-/wild type chimaeras. Integrin β1 -/-cells are capable of contributing to the germ line but these cells fail to migrate correctly and do not contribute significantly to the population of PGCs that colonizes the fetal gonad (Anderson et al., 1999) . The requirement for two signals, SCF and laminin, indicates a local microenvironment that both guides the migrating PGCs to the genital ridge and supports their proliferation. The role of the tiar gene product in this process is less clear. Loss of tiar expression results in a phenotype similar to c-kit and steel mutant mice with reduced PGC survival and population of the genital ridge (Beck et al., 1998) . Although PGCs can be detected within the genital ridges of tiar -/-fetuses on day 11.5 after mating, their numbers are reduced and, by day 13.5 after mating, PGCs cannot be detected in the fetal gonads. This observation indicates that the defect in the tiar mutant mice primarily affects PGC proliferation and survival once they have reached the genital ridge rather than migration itself. The tiar locus encodes an RNA recognition motif (RRM)-ribonucleoprotein-type RNA-binding protein and, thus, is likely to be involved in the regulation of mRNA stability within the PGCs. Post-transcriptional control of gene expression may be particularly important in PGC development given the retention of totipotency by these cells in conjunction with the requirement for phenotypic shifts. This observation, together with the known importance of post-transcriptional regulation in spermiogenesis, highlights the importance of post-transcriptional regulatory events throughout germ line differentiation.
In contrast to the proteins that are expressed in both the fetal and adult germ line, expression of the homeobox protein Pem is restricted to migratory and early post-migratory PGCs (Pitman et al., 1998) . Pem protein is first detected on day 8.5 after mating in PGCs associated with the hindgut and expression is high in embryos of both sexes until day 15 after mating. This expression pattern would indicate a role for Pem in the regulation of PGC migration and proliferation, although pem knockout mice are fertile and have no gross defects in PGC migration or proliferation.
Insights from studies in vitro
The development of techniques to isolate pure populations of PGCs has facilitated the examination of the growth factor requirements of these cells. Studies have also identified a number of other signalling molecules that may be involved in PGC proliferation and survival; SCF, Gas6, IL-4, leukaemia inhibitory factor (LIF) and basic fibroblast growth factor (bFGF) have all been reported to enhance PGC proliferation (Cooke et al., 1996; Matsubara et al., 1996; Resnick et al., 1998) . However, knockout mice with disruptions of the IL-4 receptor and LIF low-affinity receptor do not show any abnormalities in the primordial germ cell population and IL-4 receptor mice breed normally in pathogen-free conditions (Kuhn et al., 1991; Ware et al., 1995) . It is unclear whether the lack of defects in these knockout mice indicates a degree of degeneracy within the signal environment within the embryo that supports PGC survival and proliferation or artefacts of the PGC culture systems used. Studies on EG lines indicate the key growth factors for the derivation of these cell lines are SCF, LIF and bFGF (Resnick et al., 1992 (Resnick et al., , 1998 .
One problem that arises when PGCs are grown in vitro to study the involvement of growth factors in their survival and proliferation is the ability of these cultures to give rise to EG cell lines that display totipotency. This ability is not a feature of freshly isolated PGCs, so any culture system designed to study PGCs (rather than EG cell lines) must ensure that the cells retain the PGC phenotype and do not de-differentiate to an EG phenotype.
Although knowledge of the signalling pathways involved in PGC proliferation and survival is advancing rapidly as a result of in vitro models, the nature of the chemoattractant that controls the migration of PGCs to the developing gonad in mammals remains elusive. Studies in Drosophila, in which PGCs also arise at a site distant to the developing gonad, have identified the product of a homologue of 3 hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (a protein involved in cholesterol biosynthesis in mammals) as the enzyme responsible for the synthesis of the chemoattractant molecule (Van Doren et al., 1998) . Experiments in vitro have demonstrated the production of a chemoattractant by mouse genital ridges, and this activity can be blocked using antibodies directed against TGFβ1 (Godin et al., 1990; Godin and Wylie, 1991) .
The final step: differentiation to spermatogenic stem cells
The differentiation of PGCs into spermatogenic stem cells appears to be initiated soon after colonization of the genital ridge. At the end of the migratory-proliferative phase, the gonads of the mouse fetus contain 25 000-30 000 PGCs. Although the broad outlines of this process are known, the signalling events that trigger the cessation of migration and proliferation are, as yet, uncharacterized. It has been suggested, on the basis of studies on PGC migration in mouse embryos, that the aggregation of germ cells within the genital ridge at the end of the migratory phase is an important signalling event triggering a cessation of proliferation (Gomperts et al., 1994) . Thus, a germ cell-germ cell signalling event may control and limit PGC proliferation within the genital ridge before or in conjunction with differentiation signals from the surrounding soma. A similar mechanism has been proposed for the regulation of germ cell nuclear antigen (GCNA1) (Wang et al., 1997) . PGCs in both male and female mouse embryos become positive for GCNA1 as they colonize the genital ridge at day 10.5 after mating, and its expression is maintained until meiosis I.
Between day 11.5 and day 12.5 after mating, the male mouse genital ridge undergoes marked re-organization involving the migration of cells from the adjacent mesonephros and the formation of the sex cords (the precursors of the seminiferous cords). These events do not occur in the female genital ridge (Buehr et al., 1993; for review, see McLaren, 1998) . In mice by day 12.5 after mating, PGCs within the male fetal gonad have entered mitotic arrest and remain quiescent until spermiogenesis is initiated shortly after birth. It is at this stage that the differentiation from PGCs to SSCs occurs in males. This event is poorly defined but involves the loss of positive staining for alkaline phosphatase, Pem and the loss of totipotent potential of the germ cells (Fig. 1) .
In females, rather than entering mitotic arrest, the germ line enters meiosis and then arrests until the onset of puberty. McLaren and Southee (1997) have suggested that PGCs are preprogrammed to enter meiosis upon reaching the required density. Using dissociation-re-association experiments, McLaren and Southee (1997) demonstrated that the PGCs from male or female genital ridges on day 10.5 and day 11.5 after mating enter meiosis when re-associated with cells from the fetal lung. However, PGCs isolated from male embryos on day 12.5 after mating would not enter meiosis when dissociated from the fetal gonad. When male genital ridges were dissociated and then allowed to re-associate on day 11.5 after mating, the PGCs entered meiosis, indicating that the signal required to prevent PGCs in the male embryo entering meiosis is dependent upon a tightly regulated micro-environment involving specific cell-cell contacts.
The microenvironment within the developing male gonad extends the time frame during which EG lines may be generated from the male germ line. However, the failure to observe germ line transmission of EG cells derived from PGCs isolated from male fetal gonads on day 12.5 after mating indicates that these cells have commenced a differentiation programme and have lost their potential for totipotency, although these EG lines are pluripotent (Labosky et al., 1994) .
In addition to these phenotypic changes, the expression of several markers also changes after the mitotic arrest of the male germ line. While c-kit and oct-4 continue to be expressed by the spermatogenic stem cells of the adult and in the pre-meiotic stages of spermatogenesis, other genes are inactivated. Both alkaline phosphatase activity and a transcript derived from an intronic promoter in the PDGFRα gene cannot be detected within the adult testis but are expressed by the cells of carcinoma in situ (Mosselman et al., 1996) . Carcinoma in situ is probably derived from PGCs that have failed to complete their differentiation to spermatogenic stem cells. While Oct-4 has been implicated in the regulation of this intronic promoter, its inactivation as male germ cells progress from PGCs to spermatogenic stem cells indicates that additional factors are important for its regulation, given that Oct-4 is present in both PGCs and spermatogenic stem cells (Kraft et al., 1996) . In addition to these two markers, pem expression is also downregulated during this transition. This change in marker expression argues for a male germ line differentiation event driven by the somatic tissue that over-rides early entry into meiosis. The induction of GCNA1 expression across this window (expression is initiated on day 11.5 after mating), before the entry of PGCs into mitotic arrest or meiosis, indicates that the differentiation process is initiated at the time of genital ridge colonization. The induction of GCNA1 in PGCs populating both male and female genital ridges, and the ability of PGCs that develop outside the fetal gonad to produce GCNA1, indicate the involvement of autocrine regulation within the PGC population (Enders and May, 1994; Wang et al., 1997) . This finding and observations on germ cell migration and proliferation indicate that facets of PGC development may be regulated in a cell-autonomous fashion rather than being directed by the soma. In this scenario, the role of the soma may be presented as controlling when, rather than if, the germ line enters meiosis.
Evidence for the role of somatic signals in regulating the number of PGCs within the genital idge and developing gonad comes from experiments using rat fetal gonads which demonstrated the induction of apoptosis in germ cells after addition of TGFβ1 and TGFβ2 (Olaso et al., 1998) . Such observations indicate that there is some somatic control over germ line survival in the male gonad. The complete set of receptors for the TGFβ superfamily expressed by the fetal testis is yet to be fully characterized, so it is unclear whether this observation reflects a direct effect of TGFβ1 and TGFβ2 on the PGC population or an indirect effect via somatic cells. The defects in spermatogenesis observed in BMP8b and desert hedgehog (Dhh) knockout mice indicate that these signalling pathways are likely to be critical for the correct formation of the spermatogenic stem cell population in the fetus and its maintenance in the adult (Bitgood et al., 1996; Zhao et al., 1996) .
Cell transfer experiments indicate that the differentiation from PGC to spermatogenic stem cell may not be completed until the onset of spermatogenic initiation (Brinster and Avarbock, 1994) . Since it is possible that these observations reflect differences in cell survival during isolation, the development of simplified separation techniques on the basis of α6 and β1 integrin expression by SSCs should allow the time of SSC establishment to be more accurately defined (Takashi et al., 1999) . It is interesting to note that the male germline is in mitotic arrest over the period when the transition from PGC to SSC occurs, indicating that differentiation is occurring in the absence of proliferation.
Conclusions
Although understanding of the cell biology of the germ line is considerable, remarkably little is known about the molecular and biochemical processes involved in the control of PGC origin and differentiation. Indeed, to date, the spermatogenic stem cell is totally uncharacterized at this level. Successful completion of this differentiation step is essential if spermatogenesis is to be established in the adult testis, and improper or incomplete differentiation may result in the formation of carcinoma in situ. The conjunction of improved isolation techniques, in vitro culture systems and the ability to assay for biological end points using repopulation studies indicates that the stage is now set for a rapid advancement in our understanding of both the generation and maintenance of the spermatogenic stem cell population.
